Abstract: Today's automobile manufacturers are increasingly using lightweight materials to reduce weight; these include plastics, composites, aluminium, magnesium alloys, and also new types of high strength steels. Many of these materials have limited strength or ductility, therefore in many cases the rupture being serious consequences during crashes, underscore Picketta et al. in their studies. Automotive structures must deform plastically in a short period of time, a few milliseconds, to absorb the crash energy in a controllable manner. It must be light and enable economically mass-production [1]. FE models rapidly gained acceptance among engineers. Many other factors facilitated the development of vehicle models by shell finite elements since most of the geometry of the structural surfaces was already on computer graphic files. Kee Poong Kim and Hoon Huh emphasize that the crashworthiness of each vehicle part needs to be evaluated at the initial stage of design for good performance of an assembled vehicle. As the dynamic behaviour of structural members is different from the static one, the crashworthiness of the vehicle structures has to be assessed by impact analysis. The paper analyzes the influence of trigger geometry upon the compression of thin-walled cylindrical tubes. Simulations performed on a simple model showed the dependence between triggers area and deformation times as well as the maximum deformations obtained for various speeds at which the simulations ware carried out. Likewise, the geometry of trigger leads to different results.
General outlines
The vehicle's structural strength is reduced to a range of closed or open section shapes designed to provide resistance to mechanical stress.
A wide variety of information on materials, deformation energy or deformation mode was gathered in the field of tubes deformation computation following various computing patterns brought forward by researchers such as Alexander, Wierbizck, Bhat and others [2] [3] [4] . Many authors [5] evaluated the energy absorption of extruded aluminium tube. The trigger geometry mechanism was optimized for different loads [6] .
Engineers design typical structures using elastic analysis to withstand service loads without yielding or collapsing. Automotive structures, however, must meet the aforementioned service load requirement; in addition, it must deform plastically in a short period of time (milliseconds) to absorb the crash energy in a controllable manner. It must be light and enable economically mass-production. The automotive safety engineer is responsible for packaging the occupants, so that whatever decelerations transmitted to the occupants are manageable by the interior restraints to fall within the range of human tolerance. The ultimate goal of the safety engineer is to reduce occupant harm. The field of road traffic accidents has been also approached under various aspects in [7] [8] [9] [10] [11] [12] [13] [14] [15] . Many models have been used and improved along the years to analyze vehicle deformation. Current front, rear, roof, and side impact energy-absorbing structures deform upon direct impact in a mixed axial and bending mode, with bending being the dominant mode of collapse because of its lower energy content. Therefore, bending is considerably less efficient than the axial mode, and consequently, it will result in much heavier designs. In designs where light weight is desirable, axial mode will be a more appropriate candidate for energy absorption, provided the question of stability of the crush process might be resolved within given packaging constraints [1] . The scope of the paper is to determine the influence of trigger geometry upon the rigidity of a thin walled tube from the frontal structure of vehicles.
Cross-sectional efforts and stresses in tubes with variable section
The calculation relations are determined considering the following hypotheses:
• the mass of the hitting body is 1 ;
• the tube mass 11 is insignificant as compared to mass 1 ;
• during the impact with the mass 2 of the rigid barrier, the assembly made up of masses 1 and 11 comes to a stop;
• the movement speed of masses 1 and 11 is ;
• a shock compression takes place.
The tube of mass 11 is considered to have a variable section (frustum of a cone) and it is provided with material removal area, as seen in Figure 3 and Figure 4 . The dynamic force P, which occurs during the impact, may be determined with the law of conservation of energy: the kinetic energy of the assembly made up of masses 1 and 11 moving with speed is completely turned into potential strain energy (compression of the tube with variable section and mass 11 )
The similarity of structures OB2C2 and OBC leads to:
where A, A 1 , A 2 stand for the tube cross-sections at distance , and + to point O. There results the form of potential strain energy:
The relation (1) leads to the force during the shock in the tube with mass
From (2) and (4) we have the compression stress σ :
Provided the yield stress is to be reached in the section submitted to the highest stress, A 1 , in case of the diagram from Figure 1 , the relation (5) may lead to the determination of the minimum area of the cross section or the speed at which the tube has to move in order to reach the yield stress σ .
where A 2 , and may be constructively adopted parameters. 
The relation (7) is used to calculate the normal stress σ in any cross section of the tube of mass 11 .
2. Provided → 0, then A 1 → 0, which shows that compression stresses have high values which mathematically tend to infinity.
3. The maximum stress develop in the smallest section area, A 1 , according to Figure 1 . Under these circumstances, the deformation triggers may be machined, through material removal, according to Figure 1 and Figure 2 , so that cross sections of similar area A 1 might be obtained, sections where the value of the yield stress should be determined at the same time. Hence, the shock effect upon mass 1 might be diminished.
The calculations may be also based on the determination of potential strain energy through compression, written in stresses not in efforts. Thus, there results the relation:
is the elementary volume. In a similar way to the above demonstration, there will successively result:
The relation of the effort during the impact may be thus written
Provided mass 2 is comparable as measurement parameter to mass 1 , this being the case of impact between two vehicles of the same class, an approximate calculation may be used by means of an impact multiplier ψ with super-unity value.
where: -speed of the body of mass 1 , -linear deformation due to static action of a conventional force, α -coefficient that takes account of mass 2 of the hit body
where F = 1 · and Q = 2 · , there result two relations for determining the impact multiplier: first relation (14) in case of vertical falling provided mass 1 fell from a height .
Similarly, the second relation (15) may be used for an approximate calculation in case of the tube horizontal movement, like in [12] .
where denotes the horizontal movement speed of mass 1 .
Geometry submitted to study and simulation conditions
In the present study we analyzed the deformation of thinwalled cylindrical tubes submitted to axial impacts with rigid, flat, steel barrier. At one end of the tube, opposite to the impact area, a cylinder-like supplementary weight, made of the same material as the tube, was added. This supplementary mass was added to the tube subjected to deformation, moving jointly with it, Figure 2 . Considering the geometric properties and density of the material, the additional mass weighted 7.65 kg. During simulations tube movement was allowed only along the Z axis. An aluminium tube with 75 mm diameter and wall thickness of 1 mm was chosen for analysis. Tube length was 300 mm. Taking into account the deformation triggers, the area of the material extracted from the tube surface as well as the position the triggers edges varied in relation to the deformation direction. During testing, all the deformation triggers were positioned on the tube in series of 4 along the diameter and in series of 5 along the generator with 30 mm step size, Figure 3 .
We assessed the deformation of tubes, positioned at 0.075 m to the rigid wall, up to 0.1 seconds. Simulations were performed for tube movement speeds of 3, 4, 5 and 6 m/s in the negative sense of the Z axis direction. While carrying out the analyses the tube was constrained to enable solely the movement along its longitudinal axis, i.e. Z axis of the coordinates system. The sampling rate of simulation was 5 kHz. This sampling rate was chosen to register as accurately as possible the acceleration variation during tubes deformation. Higher frequencies would have required better hardware resources. The deformation triggers were given various geometric shapes such as circle, hexagon inscribed in a circle, square inscribed in a circle and diamond inscribed in a circle, Figure 4 . The radius of the circle where these geometric shapes were inscribed is R = 25 mm, the dislocated areas from the material for each and every shape being given by:
• Circle area -(S0) = πR 2 = 3 1415R 2
• Hexagon area -(S6) = 3R 2
• Square area -(S4) = 2R 2
• The diamond area used is identical to the square area, the shape used being a square rotated by 45 degrees to the longitudinal axis of the tube.
For the trigger as illustrated in Figure 3a , Figure 3b and Figure 3e , we can use the following relation to determine the tube cross section area.
The material removals in the tube of mass 11 take the shape of those illustrated in Figure 3 . Geometrical shapes a, b and e lead to the same area of the cross section. The material removals similar to the ones in Figure 3c and Figure 3d lead to an increase in the cross section, noted with A . The analysis shows that the geometrical shape of the material removed influences the stress and strain state due to the fact that the tube cross section is variable along its length (perpendicular to the shock effect, along the movement of mass 1 ).
Geometry discretisation
Tube geometry was discretized into elements of shell type. The area submitted to deformation was turned into small mesh size elements, to show the deformation as accurately as possible. Shell elements are a special class of elements that are designed to efficiently model thin structures. They take advantage of the fact that the only shear on the free surfaces is in-plane. Normals to the shell middle surface stay straight, but not necessarily normal. As a result, the in-plane strain variation through the thickness cannot be more complex than linear. The shell element remains the basis of all crashworthiness simulations is the 4-noded Belytschko and Tsay shell. Because this is a bilinearly interpolated isoparametric element, the lowest order of interpolation functions available is used. The element is underintegrated in the plane: there is a single integration point in the 
Results obtained
The deformation, speed and acceleration curves were analyzed within the framework of this study, i.e. for each of the geometries submitted to analysis and for one geometry without triggers. Likewise, the stiffness of each tube was determined by using energy-oriented methods.
The diagrams showing tubes deformation and speed, up to the moment when they hit the rigid barrier, indicate that tubes' speed is identical. This length of time is taken to cover the distance between the wall and the end of the tube where the origin of the system of coordinates is chosen, Figure 6 and Figure 7 .
Folds formation generates a mechanism for energy absorption during tubes compression. Accelerations obtained decrease as the first fold is formed, except for the case of hexa_1 type geometry, Figure 8 and Figure 9 .
The maximum deformation, following the analysis of the five deformation triggers, is obtained for the circle type shape, followed by the hexagonal, diamond and square type shape. The minimum deformation occurs for square shaped triggers.
Hexa_1-shaped deformation is almost identical to the diamond-quare-shaped deformation, for all speeds considered for the simulations that were carried out.
Due to the different times at which tubes deformation occurs, for the two impact speeds, we can not formulate a rule with regard to the average acceleration and speed values.
For all types of triggers, the accelerations are dumped after a time of 0.01 s from the initiation of tube deformation. The data obtained following the simulations are summarized in Table 1, Table 2, Table 3 and Table 4 .
7.
Determining the stiffness coefficient through energetic methods
The deformation variation during collision was divided into periods, where = 1 . Having by FEM analysis, the data regarding the variation of the structure speed and the structure deformation during impact, we can determine the kinetic energy of the these on the iterations.
At the initial time, before the impact, the vehicle runs at speed
During impact the kinetic energy turns into deformation energy
From (17), (18) 
For each of the iterations = 1 the value of the stiffness coefficient was determined with relation (22). Relation (19) describes the potential deformation energy of the vehicle [16] .
Conclusions
The realisation of triggers through material removal may positively favour the shock effect by taking it over at the same time along several cross sections of minimum area where the maximum stress should be reached. In these sections the yield stress σ may be simultaneously reached and σ < σ may be obtained between two consecutive material removals along the length of the tube. The orientation of trigger edges in relation to the deformation direction is of particular interest to the study. The square-diamond and hexa-hexa_1-shaped triggers with similar area but different values obtained is particularly remarked. The obtained values of the tube average stiffness are comparable with the stiffness of the vehicle frontal structure, i.e. between 500 and 1500 kN/m [17] . Deformation triggers allow for a better and faster energy absorption as well as for a stable deformation and yet, having various deformation modes, depending on trigger geometry.
